The ionic activities and total molalities of sodium, potassium, calcium, lithium, and chloride in a solution of human serum albumin were measured at different values of pH between 4 and 9. The same quantities were measured simultaneously in a protein-free electrolyte solution in membrane equilibrium with the albumin solution. Taking the residual liquid-junction potential and bias from unselectivity of the electrodes into account, we determinedthe own, bound, and net charges of albumin. Chloride was amply bound at low pH, and calcium at high pH. The varying charge of ions bound to albumin opposed the effect of acid or base on the net charge. All ions were distributed across the membrane according to the same electric potential difference, which equalled the Donnan (1), with the larger total molality (mmol/kg of water) on the vascular side. The contribution of the Donnan effect to the colloid osmotic pressure (lTcoIloid) is proportional to the squared molality of impermeable charge and inversely proportional to the molality of salt:
The colloid osmotic pressure of albumin in plasma balances the intravascular hydrostatic pressure, thereby maintaining a normal plasma volume. About half of the colloid osmotic pressure is due to the 
Materialsand Methods
The experimental setup is shown in Figure 1 . We used an artificial kidney with a Cuprophan membrane (Gambro GF 120M Hollow Fiber Dialyzer with 1.3 m2 effective membrane area). On the inner side of the membrane was a 200 g/L solution of human serum albumin for injection (Nordisk Gentofte, Denmark), 0.5 L, which had been dialyzed to remove its stabilizing caprylic acid. The ratio of fatty acid to albumin was 1. determined from the weight loss of 1 mL during an overnight drying at 105 #{176}C. The mass concentration of albumin was determined by the weight after drying, subtracting the mass concentration of salt. The molality of albumin was determined from the mass concentrations of albumin and water by using a molecular mass for albumin of 66 000 Da. The measured substance concentrations (mmoll'L) were converted to molality (mmol/kg water) by dividing by the mass concentration of water:
We observed a variable bias due to unselectivity of the ion-selective electrodes, especially at the extremes of pH. if all ions were free in the protein-free solutions, the molality of total ions and electrode reading should have been identical, which was not always the case. We used the ratio between molality and electrode result in the protein-free solutions as a correction factor for converting the electrode results into molality of free ions in the 
where 
where the superscripts a and w denote the albumin and protein-free (water) solutions, respectively.
The binding of each ionic species to albumin was calculated as the difference between the molality of total and free ion in the albumin solutions:
The molality of albumin's own charge without bound ions (Z0) was calculated from the neutrality condition, because albumin's own charge balances the total charge of all other cations and anions:
The charge molality of all ions bound to albumin (Zb,,,..d)
was calculated as
Zl,ound= m(bound) .
(7)
The molality of net charge of albumin (Znet) equalled 
The results were constant after 15 min, indicating equilibrium, and did not depend on the preceding pH, indicating reversibility.
The Sodium, potassium, and lithium were not measurably bound to albumin at physiological pH. At pH 5 both sodium and potassium showed negative binding, the total molality being 5-10% less than the molality of free ions measured with ion-selective electrodes. The apparent binding of lithium varied in an unsystematic manner below the isoelectric pH, probably because of the lithium electrode having low selectivity towards H. The relative bias of the lithium electrode ranged from +25% to -30% in the pH interval [4] [5] [6] [7] [8] [9] , but that of the other electrodes was far less. was -14 at the isoelectric pH (pH = 5.4) and became zero at one pH unit below the isoelectric pH (pH 4.4).
The residual liquid-junction potentials, the calculated Donnan potential, and the equilibrium potential determined by ion-selective electrode for each ion as a function of pH are shown in Figure 5 . The calculated residual liquid-junction potentials changed from -0 to --1 mV, in direction opposite to the calculated which changed from --1 mV to 8 mV. The ELSE5 for each ion were -0.8 mV lower than the calculated and the curves were parallel. Table 1 gives regression data (ElsE vs E1,) for each ion, except lithium, which had a larger variation. Mean values were used for the regression when there was more than one electrode. All correlation coefficients were >0.99, the slopes were -1 (but higher for chloride than for sodium), and the SDs about the regression lines were <0.4 mV, corresponding to a relative indeterminacy of <1.5% for a monovalent ion.
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Discussion
We have compared the ion activities over a semipermeable membrane with those predicted by Donnan in 1911 (1) . A high degree of ion binding to albumin was observed, especially of chloride and calcium, so we used the net charge of albumin including bound ions for the calculations. Theory and observation agreed well over a wide pH range, which we take as a confirmation of the Donnan theory.
The discrepancy of 0.8 mV and slopes slightly different from 1 may be due to lack of space from forbidden volumes or binding of water in the albumin solutions. These effects or their dependence on pH were not taken into account, because we had no independent way of determining them. We were confined to using the conventional molality and mass concentration of total water. Others have found 0.3 g of water bound per gram of protein (4), which would equal 6% of total water in this study. Because Scatchard. Calcium binding has been studied by many authors. We previously observed an increasing number of apparent binding sites with increasing pH, which we interpreted as exposure of calcium-binding carboxylate groups during the neutral unfolding of albumin (8) . The emerging calcium binding at acid pH may similarly reflect an acid unfolding of albumin. This study agrees with earlier calcium-binding data. We observed no albumin binding of sodium, potassium, or lithium, but the results for lithium were less satisfactory because of interference from H, in accord with Okorodudu et al. (9) . Binding of sodium was examined before (10) , with the same result as ours.
The change in electrostatic free energy when charged particles come together can be used to convert binding data for small ions and proteins into intrinsic association constants. These are by definition independent of electric charge, and they must be distinguished from the apparent constants, describing actual binding under specific conditions. The assumptions for intrinsic constants are simple, such as the whole net charge of albumin being evenly distributed on a sphere. The total charges used for the conversion must be accurately known, which can be difficult, because several ions may be involved. The net charges of albumin depicted in Figure 3 may (11) recently studied the role of serum proteins in acid-base equilibria by using ultrafiltration and pH. They concluded that the observed charge of serum protein of -12 mmol/L is solely attributable to serum albumin and less than hitherto assumed. We did not include bicarbonate or magnesium, but they probably bind to albumin in competition with chloride and calcium. Our data indicate that at pH 7.4 and an albumin concentration of 0.6 mmol/L, the own charge of serum protein is -10 mmoltL, and the effective net charge including bound ions is -14 mmol/L, in close agreement with Figge et al.
